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INVLSTIGATIO’I OF A 10-CENTIMZIZR-DIAMETER ELZCTRON-
BOIEBA.RDE'ENT IOA EOCKET

By Paul D. Reader ‘

SUMMARY

Previous investigations have proven tke feasibility of the electron~
bombardment ion source concept. This repsrt deals with an improved 10-
centineler~diameter electirun-bombardment Zsn rocket capatlie of operaticn
in performaence regizmes atore 10 millipournds of thrust. Tae source has
teen operated atove 10 = nfllipounds of thrust continuously for 10 hours
et & specific impulse of 2300 seconds. T-2 engine was 21sc operated for

S0 hours at 4 millipourds of thrust. Tzz source has prcduced 0.5-ampere
Teem currents at as low an izpulse as TSCO seconds, ylelding s calculated
thrust of 13 millircunds. Accelerator i=zinmgement currents have been cn
tha crder of 1 percen* of the beam current. Mercury was used as a pro-
pellznt during this investigation. :

INTROLUCTICT

Previcus investigations have proven tke feasibility of the electron-
boxtardment ion source concept (ref. 1). In determining the periormance
of & new progulsion device It is s natural tendancy to exzarnd the per-
fo"n.n‘_e envelore as rapidly as possible. The resulis of the initial

investigation using a l10-centimater sourzs lad to the dasizn of a more
advanced ion source (ref. 2). The lon wecket which is to2 subject of
this report was fatricated to determine ke performancs that might be ex-
pected from a 10-centimeter-dismeter elasiron-bomtardsment lon source ion
rockst. The second tean scurce was impvoved mechanically and simplifi
electrically, and additional component versatility was provided.

This report deals with the major gaometric and electrical rarameters
affecting the rerlformance of the ilon rcskat. The lon-chaxzber geometry
was varied by changing such parameters as the ionechaxter length, anoda
length, and {ilament position. As pari of the lone-cha=tar investigaticna,
two magnetic-field configurations were aiso used. The ascelerator system
vas investigated using two different gecmatries. All elsctrical param-
eters vere varlad over the operatxonal rangas of the icn rocket and




pover supplies. The propellant flow rate was also varied, Mercury was

. used as the propellant throughout tlie investigation.

SYMBOLS
J current, amp
m mass flow, g/sec

P poﬁer, w

Py mcc~lerator power, (Vp + [Va])da
- P’ beam power, ViJg

-Pp  filament power, JaVg g

Pr  ion-chamber power, &vp(Jr - Jp) -

Py magnet povwer, AVialy

Pp  total power, Py + Py + By + Pp + P,

V - potential, v

&V  potential difference, v

Np overall power efficiency, PB/?T

Ny Propellant utilization efficiency, ziT
Subscripts: o

A accelerator

B beam

c- calculated

E emission -

F.  filament

I ion ‘chambgr

M magnetic fleld

EePT-T
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m measured -

SD‘ screen distributor
T  total

t

target

APPARATUS AND PROCEDURE
Engine

. The engine is shown in figure 1. A cutaway sketch is imcluded in.
figure 2. The propellant flows -through a calibrated orifice between the
boiler and the flow distributor. After leaving the distrioutor, the
flow enters the ion chamber. A field winding surrounding tze ion cham-
ber provides a magnetic field roughly parallel to the axis of the ion
chamber. Electrons from a hot filament on the axis of the ionr chamber
bombard the neutrals in the ion chamber, iorizing scme of tzem. The
ions of interest pass through the screen which, assuming ccrrect opera-
tion, shields the accelerator. The entire engine, with tte. exception of
hot filaments, insulators, the field windings, and one set of accelera-
tor grlds was fabricated of nonmagnenlc St&lnl&;S steel.

Boiler. - Steam at atmospheric pressure was used to ksat the double-
walled boiler, providing very close thermal control with a minimum of
mechanical complexity. The size of the remcvable calibrated orifice was
varied to change propellant flow rates.

Distributor. ~ The purpose of the distributor is to d&istribute the
flow across the cross section and to shield tze high-density flow near
the orifice from possible electrical discharges. The distrZbutor used
should give an approximately uniform flow distribution acrsss the ion-
chamber cross saction.

" Tonization chamber. - The region between the distritutor and the
screen is referred to as the ionization chamher. The ionization chamber
contains the cylindrical anode and the axial filament. Several chamber
lengths and anode lengths are discussed. The filament is a 0.25-
millimeter-diameter tantalum wire 2 to 3

S centimeters long suprorted by

‘rods at the axis of the chamber. The filament support rods and ancde .

supports ran through boron nitride insulators, which fitied into tubes
running radially outward {rom the chamber.

Accelerator system. = Two different sets of grids were used as ac-

-celerators during this investigation. The first screen ard accelerator

were constructed»of tungsten rods 0.16 centizeter in diaxeler on




_lating talls, so that the

0.51-centimeter lateral centersz. The rods were Irz= at the ends so that

thermal expansion could take place without causing zcwing. Wnen assem-
bled, the axfal centerline spacing of the two grids was 0.51 centimeter.

. The second set of grids, using 0.42-centimeter zxlal spacing, was
composed of two 0.li-centimeter-taick stainless-sztz=1 plates. The
plates were drilled with O.4E-centimeter-diameter Zoles in a hexagonal
pattern with O.Z4~centinmeter center-to-center spacizz. The plates were
drilled while clamped together to ensure hole alirsrent.

Field winding. - Enameled copper wire suppcrizi on boron nitride
blocks was used for the megnetic-field winding. A -cdified Helmholtz
configuration witnh 64 turns of number 12 wire in 22 coil was used to-

give an approxzirately unilorm axial field througic:t the ionization
chambter. A nonuniform magnetic field was provided Ty one coil of 120 °

“turns of number 15 wire positicned axially to give tze desired degree of

field variation throughout the ion chamber. The zZs=en diameter of all
the hexagonal shaped colls was 23 centimasters.

Insulators. - Ball insulators were used for 223 nigh voltages. All
the balls were ci fused aluminu= oxide about 5 miiii~elers in diameter
(3/16-in. stock size of syntkeiic sapphire). Som= Irsulators, such as
the filament support insulators and the [ield winiZ-c supports, were
fabricated ol toron nitrids. Trhe torcn nitride izs:ziators were not sub-
Jected to more than 100-volt polentizl uilferences.

Assembly of componentis. - Tne ionization che=ter was bolted di-
rectly to the screen grid. The [langes of the screarn grid, accelerator
grid, and coil mount were fatricated with holes s=ziler than the insu-
alls both positioned ari separated the com-
rough the assembly to zrovride the axial con-

ponents. Turea tolts ran

pression to keep the talls in place. Tue flexitiliizy of thin metal sec-

tions permittad tharmal exransion.

Neutralizer. - A neuiralizing filament (20-c=-~Iongz, 0.25-ma-diam.
tantalun \‘,iref was stretcued across the ion bean zxcut 25 centimaters
downstrean of the engine. A direct current was usai to heat the wire
(atout 100 %), and the nsgacive eni was grounded 3 the vacuum facility.
Tiis device was installed primarily €0 stabilize cperation of the ion
accelerator. A% high beam power lavels the wire w=s moved to the edge
of the bean to reduce the erosicn dua to the lon Iuzingement and prolong
the nautralizer filament lifa. ‘ . ' '

W

Electrical system. - A schematic dlisgram of ¥
is shown in J{igure 3.

electrical system
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Facility

Tho installatlion of the engine in on= of the 5 foot-dlameter, 16-
foot-long vacuum tanks at the NASA Lewis Besearch Center is shown in
figure 4. The tank has three 32-inch oil d&iffusion pumps feeding into
a cogmon ejector pump, followed by a mechznfcal pump. With cryogenic
pumping used in conjunctvon with the preceding pumps, engine operation
was possible in the lO‘G-m_lllmeter-of-mp:cury pressure range. A more
complete description of this facility is fncluded in reference 3.

RESUI.TS AND DISCUSSION

Experimental results will be discusssd in the following order:
(1) ion-chamber performance, (2) general chiaracteristics of the acceler-
ator system, (3) ion-chazter - accelerator system interactions, (4)
overall engine performance and reliability, and ( ) ion-beam thrust and
associated target measure:ents.

Ion—Chamber'Perzc::ance

A measure of lon-chamter efficiency s the energy dissipated in the
ion-chamber discharge per team ion. In txe early configurations where
the flow of lonizing electrons was very m:ch greater than the beam cur-
rent, the pow=zr used in the ionization prscess was regardad as the cur-
rent collected by the ancde times the icn-chamber potential difference.
As the beam current, and hence the secondary electron current, became a
larger percentage of tha current collected by the anode, the ion-chamber
loss term was corrected to account for thz secondary electrons. The ‘
losses are properly writsen as the ion-chamber potential difference times
the difference between tha current collected ty the ancds and the beanm
current. The power dissirated in the ion-chamber discharge, in electron
volts per beam icn, is then arrived at by dividing this dissirated power
term by the bean curreni.

Typical ion-chamter performance for this particular type of
electron-bombardment scurce is shown in itte curve of figure 5. The en-
ergy dissipated in the ion-chamber discharze is plotted against the ion-
chamber potential diiference for a constant beam current. As ion-chamber
potential difference is lowered, the efTiciency of the ion production
process increases until a minimum ion-cha=bter energy is reached at a
potential difference of 40 to 50 volts. Below this voltage level large
emission currents are reguired to maintaim a given beam current because
of the decreasing probtadility of ionizaticn, that is, cross section
(ref. 1). The discharge losses rice and rapidly apprcach the emlssion
limit of the filament. W¥hen a minimum enawzy is not attalned, it is
usually du= to thls emission limit.




i s e e e ihen e e o AN 2 M AT o M eSS

Mugnetic-field strength, ~ The effect of magnetic-fia‘ strength on
ion-chumber periormance is shown in flgure 8. The energy Zfssipated in
the lon-chamber discharge in electron volts per beam ion iz plotted
agalnst the magnetic-field strength at the center of the £ilament. The
nonuniform-magnetic-field configuration was used. The icn-chamber po-
tentlal difference was 50 volts. A 0.125-ampere beam currszt was main-
tained at a specific impulse of 7000 seconds. The propellzat utilization
efficlency was 80 percent. The l-centimeter anode was positioned at the
plane of the center of the filament. The chamber length w=s 5 centi-

- meters.

The losses drop very rapidly with increasing magnetic-field strength
up to about 30 to 35 gauss. After reaching this value tte Iasses tend
to level out but still decrease slightly with increasing field strength.
The optimum condition is naturally the point at which the zmzx of chamber
Josses and magnetic-field losses is mininized.

Magnetic-field shape. - Two magnetic-field shapes wer= investigated
during this program. An approximately uniform {field was yrovided by a
Helmholtz coil configuration, modified to give slightly less uniformity
but over a greater axial length. The nonuniform field was arranged to
give a field at the screen which was 65 percent of the fi=13 strength .at
the distributor when the scresn and distrivutor were aprroximately 10
centimeters apart. The field strength quoted, in this case, is the field
strength 5 centimeters upstream of the screen, the point 2% which the
center of the filament was positioned for the field shape ftests. No
attempt was made during this investigation to ascertain tt= optimum
magnetic-field configuration.

The effect of the magnetic-field shape on ionization-ckamber per-
formance is shown in figure 7. The energy dissiratad in t:= ion-chamber
discharge per beam ion is plotted agalnst the ion-chamber .au‘ntial aif-
ference. The upper curve was taken with th2 unifornm *agn e field at
a strength of 30 gauss. The lower curve was ootalnsd wii: a dacreasing
field in the downstream direction with the 30-gauss strenzix located at
the center of the filament. The beam current was 0.125 a~rere and the
specific impulse 7000 seconds. The propellant utilizatica efficiency
was again 80 percent. The ion-chamber performance improvedi when the
field strength was decreased in the downstream direction. This trend
held for all anode configurations tested éuring the balarcs of the in-
vestigation. '

An explanation of the improved efficiency with the ncxiniform mag-
netic field might be the concentration of high-veloclty icxmizing elec-
trons at the downstream end of the chambar, so that a grealer fraction
of the ions produced find their way into the ion bsam. Axmother possible
explanation is that the nonuniform megnetic field preoduces am axlial




vé.ria.fion of low-velocity electrcn density, which, in turn, prcduces an
electric fleld that tends to direct ions-in the downstream direction.

Ion-chamber length. - A considerable portion of the losses incurred
in the ion chamber may be due to recombination at the chamber walls,
anode, and distributor. Possible performance gains might be exrected by
reducing the amount of metal surface available to the plasma boundary.
To investigate this supposed effect and also to determine possible mini-
mum dimensions of the ifon source, the ionization chamber was operated at
three lengths: S, 10, and 17 centizeters. A l-centimeter-wide arcde
was used with all three lengths end the filament was centered at the

plane of the anode.

Pigure 8 shows the results of these tests. Again, the chaxber
losses in electron volts per ion are plotted against lon-chamber poten-.
tisl difference for each of the tharee chamber.lengths. The beam current
was 0.125 ampere and the impulse 7C00 seconds. The propellant utiliza-
tion efficiency was 80 percent. Figure 8(a) indicates that with the
uniform magnetic field the performance improved (lower energy loss per
bean ion in the discharge) as thae ion chamber was shortened.

The data of figure 8(b), for which the nonuniform magnetic fisld
was used, show the sarze genersl improvement as the chamber lergth w=s
stortened from 17 to 10 centimesters. However, the chamber rerforzmance
remained substantially the sane as the chamber was shortznad further.
For these tests the 30-gauss field strength was maintained at z .2 center
of the filament.

Tha gerneral trend of results, then, tends to support the theory that

the chanber losses Increase with chamber area, rarticularly for tze two
longest chambers. The lack of improvement in rerformance for the short-
est chamber, especially with the zmomuniform magnetic field, indicates
trat the wall and erd areas are rot the only significa.nt rarazatars in-
volvad.

Anode length. - Figure 9 shows the effect of resducing tha anode
length from 15 to 1 centizeter. The discharge loss per beam ion is
plotted against the lon-chamber potential difference for a 0.125-ampere
beax. The lmrulse and propellant utilization efficiency are again, re-
srectively, 7C00 seconds and 80 parcent. In a preliminary report con
this electron-bombardzent scurce (ref. 2), it was shown that there wvas

little ion-chamber perfor—ance variation for a wide differenca in anode -

length at lov beam currents. The results of reference 2 are supported
by those of the present investigation at a higher beam current., The two
curves of figure 9 show that the perforrance of the 15- and l-centimeter
ancdes is similar with the uniforn magnetic field. The two lower curves
shov that with the no“unimr:x =agratic field the perforranca of the
chamber with each of tha anodes is again very similar. Comparisca of
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the upper and lower pairs of curves indicates that the ,énp*xcial effect
of the nonuniform lield is s5lightly greatecr with the l-zzntimeter anode.
Similar perlormance has been obtained with the divergent maznetic field.
with other anode lengths tetween 1 and 8 centimeters.

As weas shown Iin the previous section, reducing the wall area re-
duced fon-chamber losses. Thaus, the number of ions reczubining on that
vall area is probably not n=gligible. Tne insensitivity of the ion-
cliarioer losses to anode changes for the same ion~chamiter length further
indicates that it is unimportant whether this cylindriezl wall area is
at anode or distributor rotential.

In general, the shorter anodes (less then 3 cm) tezded to be hard
starting in that a higher chamber potential difference zzs to ©te used to
start the discharge. Tne discharge was alsc relatively unstable at low
chamber potential differences.

Filement position. - From the data taXen during tx= chanmter length
tests it was felt that the position of tne filament wiZiz respect to the
diverzgent Zeld and ciember hardware might have some tesering on the per-
formance of the ion chember. Figure 10 shows the resulss of an attempt

" to deternine the effect of axial filament location on izZe efficiency of -
the ionization process. Tne tests were conducted with z 7.5-centimeter-
long enode and a 10-centimeter-long chamter. The 3-ceniiImeter-long Til-
ament was positioned at the maximum possible upstream cr downstresam lo-
cations. The characteristics were investigated at bea= currents of
0.125 and 0.0<0 ampere. Propellant utilization efficizzcy was constant
at 80 percent and specific impulse at 4500 seconds.

Figure 10(a) shows that the maximu= efficiency for E th filament

positions occurs at en ion-chamber potential differenca o 70 volis.
The céownstream [ilament gives the best performance et tha 0.0Z0-ampere
beam cwrrent. As mentionsd in the general discussion ¢ ion-chamber
characteristics, the sharp »rise of the dissipated enerzr telow 60 volis
for the 0.0c0-ampere bean is associated with very largs emission
currents.

Maintaining the same magnetic-field s~rength in t*= center of the
charber {5 ca from the screen) and approximately doubling the beam cur-
rent gave the results shown in figure 10(b). The shape of the two
curves is the same, but in this case the upatream fila=ent has superior
perforzance.

I: aprears, then, that at a beam current of 0.060 zmpere a down-
strean [ilament lccation gives better performance, while at a beam cur-
rent of 0.125 ampere an upstream filement position is sugerior. It
should te pointed out, however, that the difference is, st most, less
than 20 percent.
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Icn-Beam current. - In addition to the effect of filament positicn,
figure 10 also shows the effect of changing the lon-beam current.from
0.080 to 6.125 ampere at a specific impulse of 4500 seconds. The efZzct
of this zurrent change was greatest at low ion-chamber potential diZZzr-
ences. £t 0.060-~ampere operation was very inefficient below about 20
volts, w%ile at 0.125 ampere efficient operation could be obtained =%
the emission limit of the filament at 40 volts. The ninimum energy gper

. ion chanzed less drastically, being about 670 electron volts at O. OEO
anpere aud.aza electron volts at 0.125 amgere.

Sipz= the performance improved in increasing the ion-beam currszt
from 0.020 to 0.125 ampere, it was of interest to see if a further i=-
crease would cause additional improvements. A comparison of ion-cresZer
perforze-ce at 0.125 and 0.25 anpere is shown in figure 11.

Tre energy dissipated in the ion-chamber discharge per beam icm Is
plovted zz2inst ion-chamber potential difference at a specific impulise
of 7000 =z=conds. The l-centimeter anode was positionzd at the cenie= aof
the 10-cextimeter-long chamber. The prorellant utilization efficizrey
wes 80 psrcent of all bean currents. The 0.125-ampere curve reacted =
minimua 32 380 electron voltis per ion at a chamber potential differsace
of 40 ~voizs. The minimum was not reached at 0.235 ampere tecsuss o fil-
ament exzssion limitations. The lowest lcss at 0.25 emgere was 520
electrcn wolts per ion. The losses at the higher density conditicn alsa

“increas= more rapidly with increasing ion-chamber potential diffars—ca.

Tke decrease in performence (increase in losses) when going from
0.125- iz 0.25-ampere bean current has been noted with several other
source gecnetries and appears to be a genaral phenomenon as;ociataﬂu:-th
this siz= source.

Accelerator Performance

Fizzre 12 gives a quelitative picture of the beam power distrizu-
tion for the plate and wire esccelerator grid systems. The contours ware
drawvn Ixom data obtained with hot wire and conventional calorimeter
traces =1d with some assistance from obtservations of impingement =i~
terns =% the calorimeter station and projections of patterns on hardvare
farther downstream. The contours are representative of the power &is-
tributizo I meter from the accelerator system and are slven as per*ents
of the ==xirmum value.

As seen in figure 12(&), the power distribution from the plata
grids rss fairly good redial symmetry. Fifty percent of the bean :cwer
is includad in a 200 solid angle. The beam current was 0.125 anmpara at
a speciic impulse ol 50C0 seconds.
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The large spread in the power distribution from the wire grids, :
shown in figure 12(b), 1s normal to the axis of the grid wires. Fifty"
percent of the beam power 1s contained in an elliptical cons estimated
to be about 20° by 45°. The beam current was 0.125 ampere at a specific
impulse of 6300 seconds.

Figure 13 shows the current density profile across the beam approx-
imately 12 centimeters downstream of the accelerator system. The plot
was obtained by recording the impingement current on a 0.475-centimeter-
diameter molybdenum disk as it traversed the beam on the horizontal cen-
terline of the engine. The trace was taken using the plate grid accel-
erator system and operating at 0.125-ampere beam current and a specific
impulse of 6000 seconds. The highest current value recorded, at the
axis of the source, gave a current density of 37.2 amperes per square
meter. The average current density arrived at by dividing the total
bsam current by the source area is approximately 15 amperes per square
meter. The average current density based or the accelerator open area
is then about 30 amperes per square meter vith a 0.125-ampere beam.

Accelerator impingement currents of less than 1 percent of the beam .
current could be obtained with both the wire and the drilled plate ac-
celerator systems (fig. 14). The blockage of tne wire grids was 37. per-
cent, while that of the plates was 4% percent. The wire grids held the ’
higher voltages (5 to 8 kv) much better than the piate grids. This ef-
fect is felt to be due to the sputtering properties of the tungsten
wires compared to the stainless-steel plates (8 to 12 percent nickel).
Erosion patterns on each set of grids showed that the current dansity
was greatest at the center of the source. The effect of varying accel-
erating potential is shown in figure 14. The beam current was 0.25
ampere. The propellant utilization efficiency was 80 percent. The non-
uniform magnetic field was used, and the ion-chamber potential differ-
ence was maintaianed at approximately 50 volts.

The point where the impingement current rises rapidly with dzcreas-
ing potential is at the approximate current carrying capracity of the
grids. The plate grids, having a slightly shorter acceleration length
and perhaps better physical alinement, have better current carrying
characteristics at the lower voltages.

Accelerator System - Ion-Charter Interactions

The relative effects of the varlous geometry changes investigated
are not altered by the impulse level, but the absolute performance level

is. Data are available in table I to duplicate, at a lower impulse, .}

most of the figures presented thus far. Figure 1S shows the effect of
specific impulse on ion-chamber perforrance for a 0.25-ampere beam at a
propellant utilization efficiency of SQ rercent. The ion-chamber
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potential difference was 50 volts except for the points below 6000 sec-

onds where it had to be raised to keep from exczeding the emission limit
of the filament. The nonuniform magnetic field was usad along with the

drilled plate accelerator system..

The power dissipated in the ion-chamber discharge per beam ion
drops rapidly from a value of nearly 1000 electron volts per ion at &
specific impulse of 5000 seconds to a value of 550 electron volts per
ion at about 8800 seconds. This effect is probably due to the Increased
penetration of the accelerator electric field back through the holes in
the screen at the large potential differences associated with high
impulses.

Overall Engine Performance

The data of table II are indicative of the performance obtainable
with this 10-centimeter-diameter electron-bombardment ion rocket. The
point with a 0.35-ampere beam at a 6300-second impulse yields a calcu-
lated thrust of 10 millipounds. This operating point was held for 10
hours. All the data points except the last five were taken with the
stainless-steel plate grids. The last four were taken with the tungsten
wire grids. The point at O0.5l-ampere beam current at an impulse of 5900
seconds (fifth row from bottom, table II) was taken with rolytdenum
plate accelerators with 0.24-centimeter-diameter apertures.

The highest efficiency attained during this investigation was 87
percent at a 7750-second impulse. At this impulse and efficiency 205
kilowatts would be required to generate 1 pound of thrust from an array
of this type of source.

-These data are not presented as representing ultimats or optimum
values but only the present state of the art for experimental hardware.
Further improvements should certainly be possible in the future. For
example, replacing the field coil with a permanent magnet would increase
the maxirmm measured efficiency of 87 to about 89 percent. The effi-
ciency at 5000 seconds would be similarly increased from about 64 to 69

percent.

Endurance Test

To determine the extent of damage to the accelerator during long
periods of time, the rocket was operated with a molybdenum accelerator
system for 150 hours at a thrust level of 4 millipounds. The beam cur-
rent was 0.20 ampere at a specific impulse of 5000 seconds. Figure
16(a) shows a general view of the center of the upstream faca of the ac-
celerator after the 150-hour run. Figure 18(b) shows a closaup of the




1z
cznter hole of the accelerator before and after thae lSO?hour run. The
five deep pits surrcunding the hole zre merely rarzs to locate the hole.

During the endurance run approzizately 230 grams of propellant were

I,

_accelerated throuzh the grid systes. The weight loss ot the accelerator
. was 2.3 grams or atout 1 percent o tie accelerated propeirlant mass. No

change in plate thicznsss could be zmszsured with a2 micrometer. The total
time on the accelerator system used for the endurance run was over 200
tours at the conclusion of the run. The useful lifetime of the accel-
erator system is estimated to be over 1000 hours. ’

AT e

Thrust Target

A 30-centimeter-diameter, 0.3-xiilimeter-thick stainless-steel disk
%zs mounted on a @& fferential transZcrmer deflection pickup and used as
2 thrust target durinz part of thne investigation. Thrust measurementis
were made at comraratively low beex zcwer levels. The maximun target
—ass was limited oty the flexure plsies cf the pickup to less tkan SO
gans, thus limiting the size of tze d@isk. Thrust values up to 2 milli- .
pcunds were observed. Even at these thrust values the stainless
target, located 1 meter frum the engine. was heated to incandascence.
Previous runs witia 2n alumninum targat nad resulted in the destruction of
tze disxk.

.
.

?

L
n

Because of the weight limitaticzs imposed by the pickup fiexure
tes, no attempt was made to suppress secondary electrons or trap any

szuttered material. Tne target was Isolated electrically so that poten-
tial buildup might te measured. Figure 17(a) shows the effect of the
psutralizer wire In the bteanm on the target potential for a range ol spe-
cific impulse. The maximum potential tuildup on tha target was +12
~+3lts when the neutralizer was on. Wwz2en the neutralizer emission was
shut off, the potaniial rose to as —zch as +1730 volts.

The ion-bean currents intercepied by the target were found by
gounding the target through an am=ater. The currents thus cblained are

- stown in figure 17(»). Because of tte deflection of ion trajectories
“for the floating tarset potentials ==ssured, the lon-beam current strik-

ing the target should be somewhat less than the measured valuas when the
target is isolated electrically ani the neutralizer is not usad.

The thrust data obtained with the neutralizer on are shown in
table III. For the plate accelerator system, the target currents shown
in figure 17(b) were used to estizate the percentage of the beam which
inpinged on the thrust target. _ t

The measured thrust varied frca 65 to 96 prercent of the estimated
value based on beaxn interception. For the wire grids, the percent of
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bean striking the target was estimated from the power disfribu tion pro-
files of filgure 12 to be on the order of 40 to 45 percent. Using the

45-percent rate, the measured thrusts were 71 to €3 percent of the esti-

mated values. If the 40-percent figure is correct, €0 to 98 per c»nt of
the estimated thrust was reglstered by the target.

Since the floating targét potential with the neutralizer on was

only a few volts, ion trajectories should have been the same whether or -

not the target was isolated. The momentum effect of sputtered particles
should introduce an error, perhaps of the order of 10 percent. The
largest errors, however, are probably associated with the estimated per-
centages of beam interception, which were based on current measurements,
both trne currents as determined from beam surveys and that from ground-
ing the target. These current measurement errors, which are due to sec-
ondary electrons, can easily explain the observed dlscrepanc1es between
measured and estimated target thrust.

CONCLUSIONS

A nonuniform maghetin field, decreasing in strength in the down-
strean direction, improves ion-chamber performance. The optirum field
-strength is approximately 30 gauss at the screen for a 10-centimater-
diazeter ion source.

Anode shape is not critical as far as ion-chamber losses are con-
cerned, but shorter chamxbers (leas than 10 cm) periorn better than
longer chambers. One beneficial effect oif—a-long ancde ovar a short
anode for a given chamber length is ease of starting in that a lower
potential difference is necessary to start the discharge.

The effect of filament position is significant but dspends on ion-
beax current.

The minimum ion-chamber discharge losses for the 10-centimater-
diameter ion source occurred at an ion-bean current of 0.125 awgzere.
The penalties essociated with operation at higher or lower ion-bean cur-
rents were not large, however, at least for the range investigated from
0.020 to 0.25 ampere. :

Accelerator impingement currents of the order of 1 percent ol ion-
beam current were obtained at impulses from 3000 to S400 seconds at
ion-beam currents up to 0.4 ampere. The lifle of currently available ac-
celerator systems, estimated from the results of a 130-hour endurance
run, should be at least 1000 hours.

Overall power efficiencies of up to §7 percent have been attained
with the rocket reported herein.
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The thrust measurements made with a thrust target were in substan-

‘tial agreement with the caleulated valuess from current and voltage

measurements.

‘Iewis Research Center

National Aeronautics and Space Administration
Cleveland, Ohio, September 13, 1961
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TABLE I. - ION-CHAMEER PATA

(a) BEffect of magnetic-field strength. Beam current (common
ground), JB, 0.125 ampere; ion-chamber potential differ-
ence, AV, 50 volts; ion-chamber potential, VI, 4500
volts; accelerator potential, V4, ~-1250 volts;
propellant utilization efficiency, n,, 80

percent; chamber length, 5 centimeters;

anode length, 1 centimeter; plate
accelerators; nonuniform
magnetic field

Magnetic-field | Magnetic- | Current Current Energy
strength at field collected | collected by | dissipated
filazent, current, |by anode, | accelerator, {in discharge
gauss Ims JI, Ja, per beanm ion,
anp amp amp ev/ion
18.5 4.5 3.20 0.00105 1230
20.5 5.0 2.60 .0ees2 990
24.5 6.0 1.80 .00083 670
28.7 7.0 1.50 .00082 550
32.8 8.0 1.40 .00086 510
36.9 9.0 1.25 .0C085 450
41.0 10.0 1.20 .CCO87 - 430
44.1 11.0 1.13 .CCC83 422
45.2 12.0 1.17 .CCO35 418
53.3 13.0 1.15 .C00%0 410
57.4 14.0 1.15 .CC087 410
B8l.5 15.0 1.10 .00088 320
85.3 15.0 1.15 .00050 410
69.7 17.0 1.10 00095 380
138 18.0 1.10 60030 380
7.8 18.0 1.10 .C00%0 380
80.0 19.5 *1.10 00090 390

- e

PR NS,




T/2LEZ 1. = Contlnued, -TON-CHAMBEHX DATA

(b) Cramber length and magnetis ffeld shape. Beam current (commen ground), Jp, 0,125 ampere;
plate acceleratzrz; propellant util{zation efficlency, Ny, &0 percent

¥aznett: | fon-chanm Accelerates ¥agnetic-| lenesnambar] Cirpant Current Current Enargy
field potential, potenttial, field % collactad | collented collected ty | Ainstipated
shagpe Vie Yar surrent, [4ic by ancde, | by screan accelerater, in dis-
v v I I, and Jar sharge per
anp anp diatritutsor, anp beam fon,
J30s ev/ton
anp
Cramber length, 5 c=; anoda lenzth, 1 sm
Unlfem 2520 «10C0O 1 7.25 30 2.15 0.74 0.0012 1450
3 2.12 .63 .C013 1362
&0 2.15 «85 .0012 1235
7% 2.27 .61 .0012 1237
7o 2.2% 54 .Co12 1130
83 2.2% 45 +0C11 1120
€0 2.2 2 1034
5 2.42 .23 1010
50 .£2 .17 958
43 2.70 .10 .0010 249
43C0 =1250 it 7.25 20 1.72 €4 0015 1147
23 1.£3 .57 .00l4 1058
&o 1.65 .51 .CO14 976
75 1.63 .47 .COL 944
C 1.51 .42 .0013 832
€3 1.70 -1 3%
£0 1.73 .34 770
2 1,20 .23 737
1] 1l.20 .12 €70
45 1.3 .10 .0012 637
4G 2,20 0011 €64
XNen- 2500 ~1000 7.8 7.0 =0 1.40 ——— +0CC8 918
untfar= £0 1.40 817
70 1.23 7Ca
€G 1.47 €45
B 1.45 533
3] 1.22 S&3
43 1 531
) 20 1078 520
4500 -1250 7.5 7.0 0 5} «15 675
. &5 1.0 .15 672
20 1.co .12 632
75 1.0 .10 533
K 1.C5 e 8§56
83 1.67 sS16
(1o} l.10 473
£5 1.10 433
50 1.15 410
43 1.30 423
‘ 40 . 1.40 4C8
b ] 1.20 453
Cramter length, 10 =3 anzie lengtin, ! o=
tnifemm 2500 ~10C0 = 7.25 20 2.57 .31 Q.00l2 1332
35 2.53 .72 .CCl1 1651
20 2.432 1) 1s5c8
75 2.3% .£0 1450
7 2.30 W33 1330
€3 2.35 438 1252
60 2.32 42 1ls3
b 55 2 38 1111
20 2.75 22 1035
4300 -1250 34 7.25 el 1.85 .52 L0013 1240
s 85 1.75 83 0014 1105
&0 1.72 50 0014 1021
75 1.50 43 .C013 1005
70 1.73 42 001 925
835 1.55 +33 0013 833
§0 1.%0 o33 L0013 852
35 1.84 <30 0012 793
50 2.10 ) 012 750
435 2.3 37 0012 782
41 2.33 “—nn anmena 804
Nen- 2300 «1000 8.5 8.0 35 1.2% 0.37 0.CC02 758
uniform 20 1.23 37 733
15 1.23 38 833
70 - 1.23 «35 [-7%4
(3] 1.33 34 637
80 1.37 33 $37
S5 1.33 32 574
50 1.51 . $54
43 2.65 23 552
3 1.36 22 541
4300 =1250 7.0 8.0 . % 33 25 Lot S47
70 .62 24 500
€0 1.C5 23 434
35 1.12 22 433
50 1.13 2 410
43 1.22 13 334
! 40 .20 W18 378
B 1.52 Q7 430
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..
rs
" TABLE I. - Continued, ION-CHAMBER DATA
|
I
1 2 (b) Concluded. Chamber length and magrnetic-fleld shape. Beam current {common ground), Jg,
P, 0.125 ampere; plate accelerztcray; propellant utflization efflclenzy, N, B0 percent
23} .
Magnetice Arcelerator vagnetic-
flel2 fotentlal, field
shape VA'
v
= length, 17
Untfer= 2500 -10¢0 11 7.25 35 0.0020
20 .0020
5 .C013
20 .oc12
73
76
' £z
€C
£
52
$3C0 -1250 i 7.25 .C013
®
>
nofi- 2560 ~1000 7.0 6.0 0.C014
unifeors
|
\ L0013
| .0013
! 001
‘ 4300 -1250 7.1 6.2 .0017
| 0036
| .0015
\ 0015
| +C015
i .€015
! L5
|
| |
} Cramter length, 17 2z anxde lengtn, 15 om
| Untfer= 43C0 -1250 1 7.25 E 1.50 ———— 0.0020 1%
| 80 1.85 03
/ 75 1.92 1075
2 2.05 073
85 2.15 1es2
§0 2.30 0.37 we2
55 2.3% ——— 330
S0 2.50 A 80
'S 2.30 ——— 233
Non- 43¢0 -1250 1.0 6.0 8s 1.47 0. 0.0011 35
unifor= 30 1.50 ) 830
75 1.54 23 343
| k{ 1.55 3 93
| 635 1.88 27 303
! 60 1.75 3 3
s5 1.80 23 ™7
5Q 1.%0 N3 e
s 1.95 W23 887
a0 2.30 a3 0012 3¢
3 2.40 o S W01 (333
L
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(c) Fllament zecsftien.

Icn-chanter

TABLE I. - Ccrtfnued.

ION-CHA/RER DATA

pctential, Vi, 20CC wolts; accelerzcr potential, V,

-1000 wcizs; chamber length, 10 centimeters; ancde length, 1.5 centizeters; plate

accelerzzcr3a; ronuniform magzetic

fleld; prope

80 percent

192
1lazt

utllizaction effZelency, Ny

Pilament
position

Vagzne
fleld

o

2 leranze

LY 10

Ty zselde,
b d

a3

Currans
- collectet
by 8creen
and
distridutcer,
Ispr
a=p

Cirrent
zollested
sy
ascelerator,
JA'
amp .

Filarent
reating
current,
>
U?,
amp

Enerzy
dissljated
in dis-
charzs per
bean ic¢n,
ev/icn

Beax z.rremz {zcome

n ground), &z, C.C40 a<p

Upatrean

-0.0.2
-.011
-.0C2

.0CS

.ClC

.C22
po]

G.coo2

Downe
strear

¢.0002

Upatrean

.COl4
.Col2

0021
€02
JCCl2

e
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2
2
s
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<
a
2
2
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r-'l TABLE III. - TZRUST TARGET DATA
= (a) Thruss =messurements
Accelerator} Specifi:z Bean Target JJIB Trheo- |Estirz“ei [ Measured | ¥easured
systex impuise, | current | current, retical tarzes thrust, |- th:ust/
. sec {cco=ocn Jt, thrust, force, Fo, Zstimated
sround), anp Fe, |TfIpxF.,! mib target
Ja, mlb nld force
azp
Plate £000 0.123 0.037 0.223 2.87 0.23 0.55 0.835
S000 125 .037 223 ] 2.87 .EZ .82 73
£§300 .127 .070 22 3.23 2.00 1.93 .25
200 .127 030 25 | 3.08 1.21 1.10 .91
» Wire €300 -125 ————— .- 3.83 1.s5 1.43 .23
-3 3.83 1.23 1.43 .88
Wire 5300 200 | e---- -3 5.82 2.23 1.87 -£0
-33 5.82 2.%2 1.87 .71
>
(») Trrust target vol:sge azd current. Bean cuzzreat (co=mon grouni), Jg, 0.125 a=zpere; accel-
.erator potential, W3, -1250 volts; ckacter lergth, 10 centizaters; anode length,
7.5 cemuimeters; plate accelerato:s; rcouniform magzetic fleld
Heated | Target | Curre=s Ion- Magnetic )hgneéic- Ion- Corrent Current Current
filament | poten~ Jcollested | chaxmter] Cfield Lield chamber ] ccilaczed | collected | collected
nectral-| tial, ty Foten- poten- | current, { poten- |ty a.ude, | by screen | %y accel-
1zer Y7, targes, tial, tial DN tial JT, and dis- erator,
v J=, N1, differ- a~p iffer- asp tributer, JA»
a=p v ence, : ence, JsD» anp
&y, oy, anp
v v
ot . 770 0.0c3 2000 7.0 8.3 &0 1.33 0.11 0.0013
1010 .03 2300 5.0 €5 1.43 Q1 0012
1280 OL3 3000 g.8 48 1.38 .03 0011
1550 Ko 22 4 SC0 8.4 45 1.35 08 0010
750 o= | 000 \J 6.55 44 132 .07 .0011
[+..3 10 0.0s2 000 7.0 8.3 €0 1.53 .11 0.0013
11 053 2500 6.0 €5 .45 WAL 0013
11 00 3000 5.3 48 1.38 09 0011
12 03 3500 ; o 46 1.35 .03 0010
12 K o 000 8.35 ad 1.32 07 0011
®
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Energy dissipated.in ion-

chamber discharge per

beam ion, ev/ion

800 ] l?'?
600 Ve
N &

20 40 60 80 100
Ion-chamber potential difference, v

Figure 5. - General ion-chamber performance char-
acterlstics. 0,125-Ampere team current at a
specific impulse of 7000 secondsj nonuniform
magnetic field with strength of 32 gauss at cen-
ter of filament; propellant utilization effi-
clency, 0.75.
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Energy dissipated in lon-chamber discharge per beam ion,‘ ev/ion

140

q

9 A
1200} :5_3
I
1000
800

oL

o,

200

0 20 40 60 80
Magnetic-field strength at center of filament, gauss

Figure 6. - Bffect of magnetic-field strength on
ion-cha=ter performance. 0,125-Ampere bean
current at a specific impulse of 7000 seconds;
ion-cha=ber potential difference, 50 volts;
propellant utilization efficiency, O.S.
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Energy dissipated in ion-chamber discharge, ev/ion

14

Field at center 1 j)
120G— of filament, -
gauss /
- O 30 - Uniform O
0 30 - Nonuniform /
q
1000 d

o

- pd

Al A
sevescqeene

600

_ i
200 i\

200 =
20 40 €0 80 100

Ion-chamber potential difference, v

Figure 7. -~ Effect of magnetic-field shape on
lon-chamber performance at a beam current of
0.125 ampere. Specific impulse, 7000 seconds;
l-centimeter enode was used with a 10-centimeter
chamber length.
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Energy dissipated in ion-chamber diacharge per beam ion,
ev/ion

| ] . [ ]
tniform Nonuniform
field field

\\\l\!\\\\\

140G~

|
Q
r |
a

\Hr
N

12 ' /:(
D’/
yﬂ’; )) °
Pl
1 =3
d
Y-
8 ¢
6555 40 60 ~ 80 160

Ion-chamber potential difference, v

Figure 9. - Effect of ancde length on ion-chamber
rerformance with 30-gauss fleld sirength at tre
filament, O0.125-Ampere beam current at 7CCO-
second impulse; ion-chamber length, 17 centi-
meters.
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Power dissipated in ion-chamber discharge per beam ion, ev/ion

1200
1 —
{ H

1000 ¢ —io—
L___IL_—-:.E

€00 S
N
o

(2) 0.050-Ampere beam current.

800

-

q
600 - : .

40 60 80 100
Ion-chexter potential difference, v

(b) 0.125-Ampere beam current.

Figure 10. - Effect of filament position
on lon-chamber efficiency. Nonuniform
magnetic field with strength of 33
gauss at center of chamdber; specific
impulse, 3300 secondsj a 7.5-ceniimater-
long ancda was used in a 1lO-ceniimater-
long ion chumber, :
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Figu-e 11, -~ Effect of beam curreat cz
icn-chamber performance at a specific
i-rulse of 7000 seconds. Nonuniform
mesnetic-field strength, 30 gauss st
center of chamber; propellant utili-
zation efficiency, 80 percent; 1-
centimeter-long ancde used in 10-
centimeter-long icr chamber.
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Figure 12. -« Compariscn of beam power distributica for
) plate and wire accelarator systems. 1 Meter doumstream
.of engine,
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Accelerator impingement

ev/ion

Energy dissipated in ion-chamber
discharge,

current, amp
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Specific impulse, sec

Figure 14. - Effect of specific impuiss on
accelerator impingement current at 0.25-
ampere beam current. Propellant untiltiza-
tion efficiency, 60 percent.
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Figure 15. - Effect of specific imgpulse on ion-
chamber efficiency with 0.125-ampers Ream at
propellant utilization efficiency of 80 per-
cent. Nonuniform magnetic field; l-centimeter
anode in 10-centimeter-long ion cha=@erx.
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(b) Closeup of center hole.

Figure 16. - Impingement damage to wolybdenum accelerator during 1S0-hour
run with O.2-ampere beam at specific impulse of SCO0 seconds.
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Target potential, v

Target current, amp
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Figure 17. - Thrust target current and voltage as a function
of net accelerating potential with and without neutralizer.
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